In this paper, we propose and experimentally demonstrate an integrated optical device that can implement the logical function of priority encoding from a 4-bit electrical signal to a 2-bit optical signal. For the proof of concept, the thermo-optic modulation scheme is adopted to tune each micro-ring resonator (MRR). A monochromatic light with the working wavelength is coupled into the input port of the device through a lensed fiber, and the four input electrical logic signals regarded as pending encode signals are applied to the micro-heaters above four MRRs to control the working states of the optical switches. The encoding results are directed to the output ports in the form of light. At last, the logical function of priority encoding with an operation speed of 10 Kbps is demonstrated successfully.
Introduction
With the development of supercomputing and optical information processing, researching on optical logic schemes is becoming increasingly crucial [1] . Among all the optical logic schemes, directed logic is a novel and promising one which employs the optical switch network to perform logical operation. Each optical switch in directed logic circuit is independent of each other, which means the latency of each optical switch cannot be accumulated and the total latency time is very small compared to those in electrical logic domain [2] . For directed logical scheme, monochromatic light with specific working wavelength is coupled into the optical switch network, and electrical Boolean signals regarded as logical operands are applied to the optical switches in optical network to control their working states. Then the final logical operation results are directed to the output ports of the optical switch network in the form of light, which means the control signal for the directed logic is electrical signal and the operation signal is light signal [1, 2] . As we know, the electrical signal is easy to control owing to the existing mature techniques, and the optical signal is a very prospective solution for logic operation due to its nature features such as large bandwidth, low latency, and parallel processing. In other words, the directed logic combines the advantages of both electron and photon but avoids their drawbacks. Therefore, directed logic is a promising information processing scheme, which is well suitable for various application fields such as packet routing, digital optical logic, and real-time applications [1] [2] [3] .
Basically, directed logic circuits comprise on-chip integrated optical switches. There are two typical different kinds of optical switches for integrated on-chip schemes. The first one is Mach-Zehnder-based optical switch, which usually has large size, high-power consumption, etc. Therefore, this kind of optical switch is not convenient for large-scale integration. The other one is micro-ring resonator (MRR)-based optical switch fabricated on siliconon-insulator (SOI) wafer, which is a fundamental building block for the application of on-chip large-scale integration owing to its outstanding properties such as compact size, low power consumption, and complementary metal oxide semiconductor (CMOS) compatible process. Currently, various MRR-based silicon photonic devices have been proposed and demonstrated such as modulator [4, 5] , filter [6, 7] , optical logic device [8] [9] [10] , mathematical solver [11] , and sensor [12] . All these demonstrated photonic devices have provided significant application prospects for optical information processing. Based on above discussions, MRR-based optical switch is a very suitable structure for us to build the optical network to achieve optical directed logic.
As we know, optical logic devices are fundamental elements for optical information processing system since all information processing can be attributed to logic operations. Just like other logic devices, optical encoder is a key building block for optical information processing, by which the multiple binary inputs can be converted into several outputs with specific meanings [13] [14] [15] . In our previous work, a general optical directed encoder which can encode a 4-bit electrical signal to a 2-bit optical signal has been demonstrated successfully [14] ; however, this kind of optical encoder does not have the function of priority which is very important for optical information processing. The priority encoder, which can identify the priority levels of the request signals and encode them with specific meanings, is indispensable for applications in on-chip optical network, control system, emergency responders, etc. Although a theoretical realization of priority encoder has been proposed using MRRs [15] , the structure of the device is relatively complicated, and there is no experimental demonstration. In this paper, we propose and experimentally demonstrate a CMOScompatible photonic device that can achieve the function of optical priority encoding. To our best knowledge, it is the first actualization of integrated optical priority encoder fabricated on SOI substrate. The proposed priority encoder can identify the priority level of an arbitrary 4-bit electrical signal and encode it to a specific 2-bit optical signal.
Device principle
The schematic of the proposed device composed of four MRRs and four normal waveguides is shown in Figure 1A . Micro-heaters fabricated several micrometers above the MRRs are employed to modulate MRRs basing on thermooptic effect ( Figure 1B) [16, 17] . To elaborate the function of the priority encoder, ports of the device are defined as Input, Y 1 , Y 2 , IDLE, and X. The port IDLE is regarded as the test terminal which can identify whether the device is in working state. For example, if there is no light signal (logic 0) at the IDLE port, the device is in encoding state, and the converse is not.
Monochromatic continuous wave at the working wavelength of λ ω is launched into the port Input and modulated by the electrical signals applied to the micro-heaters on MRR 4 , MRR 3 , MRR 2 , and MRR 1 , respectively. The four MRRs are initially designed to have the same parameters, and thus they theoretically have the same resonant wavelengths λ 0 . Here, we define that MRR is in ON state at the working wavelength of λ ω (λ ω > λ 0 ) when the electrical input signal applied to the corresponding MRR is at high level (logic 1), in which situation the light will be downloaded to the drop port of the corresponding MRR. When the electrical input signal applied to the corresponding MRR is at low level (logic 0), the light would pass by the MRR and be directed to the through port, in which state the MRR is defined as OFF state. The input electrical signal (a 4-bit electrical signal I 4 I 3 I 2 I 1 ) applied to the MRRs can be encoded to a 2-bit optical signal according to their priority level, and the priority encoding results can be obtained at the output ports Y 1 and Y 2 in the form of light. Similarly, logic 1 and 0 are employed to define the high and low levels of optical power in optical domain.
In one case, if all the four MRRs are OFF at the input working wavelength λ ω , the launched monochromatic light wave with the working wavelength λ ω would be directed to the port IDLE, which indicates that the output power at port IDLE is at high level (logic 1), and the function of priority encoding is not working. In other cases, if one or more MRRs are ON at the input working wavelength λ ω , the launched light wave would be directed to the drop ports of corresponding MRRs and the function of priority encoding would take effect; meanwhile, the output power at port IDLE would be at low level (logic 0). The combinations of the output logic at ports Y 1 and Y 2 act as the encoding results of the proposed optical priority encoder. Therefore, only if the output optical power of port IDLE is at low level (IDLE = 0) will the function of priority encoding be effective.
The detailed working principle of the proposed optical priority encoder is elaborated as follows: when I 4 is ON (I 4 = 1), the light will resonate in MRR 4 and be directed to port X. No matter what the other input logics (I 3 , I 2 , I 1 ) are, the optical power will be at low levels in both ports Y 1 and Y 2 (Y 1 = 0, Y 2 = 0). In this case, I 4 has the highest priority, and any logical inputs of I 3 , I 2 , and I 1 will obtain the same results since they are taken precedence over by the highest priority of the input. Similarly, when I 4 = 0, I 3 = 1, the light will pass by MRR 4 firstly and then resonate in MRR 3 before being directed to port Y 2 . The optical power will be at high level in Y 2 port and at low level in Y 1 port in this working state (Y 1 = 0, Y 2 = 1), and any input logics of I 2 and I 1 will make no sense to the output result. When I 4 = 0, I 3 = 0, and I 2 = 1, the light will firstly pass by MRR 4 and MRR 3 before resonating in MRR 2 , and the optical power will be at high level at Y 1 port while at low level at Y 2 port (Y 1 = 1, Y 2 = 0). When I 4 = 0, I 3 = 0, I 2 = 0, I 1 = 1, the light will be directed to both Y 1 and Y 2 since MRR 1 works as a power splitter. The optical powers will be at high levels at both Y 1 and Y 2 ports (Y 1 = 1, Y 2 = 1). In a word, the proposed device can perform the priority encoding function from a 4-bit electrical signal to a 2-bit optical signal, and the priority levels of the input signals can be described as I 4 > I 3 > I 2 > I 1 .
The logic equations for the output results of priority encoder are described as follows: 
According to the working principle described above, the truth table of the priority encoder shown in Table 1 can be obtained, where "x" indicates an arbitrary logic signal (logic 1 or 0).
Fabrication and experimental
The device is fabricated on an eight-inch SOI wafer with 220 nm-thick top silicon layer and 2 μm-thick buried SiO 2 layer ( Figure 1B) in Institute of Microelectronics, Singapore. The rib waveguides with 400 nm in width, 220 nm in height, and 90 nm in slab thickness are employed to form the device, which only support quasi-transverse electric fundamental mode. The radii of MRRs are 10 μm, and the coupling gaps between straight waveguides and ring waveguides are 350 nm. The top cladding oxide with the thickness of 2 μm is deposited on the top of MRR by plasma enhanced chemical vapor deposition, and then four TiN micro-heaters with widths of 2 μm and thicknesses of 120 nm are fabricated to modulate the MRRs. Aluminum trances are formed to connect the micro-heaters and the 100 × 100 μm 2 pads at last. In order to improve the coupling efficiency between the external lensed fiber and micro-waveguide, spot size converters are integrated on the termination ports of the device.
In order to determine the working wavelength and analog voltages of each electrical input signal, an amplified spontaneous emission (ASE) source, two 2-channel tunable voltage sources (TVSs), and an optical spectrum analyzer (OSA) are employed to characterize the static response spectra of the device. Broadband light generated by the ASE is coupled into the input port of the device through a lensed fiber, and the output light is fed into the OSA through another lensed fiber. Four electrical input signals generated by the TVSs are used to drive the microheaters above the MRRs. When the MRR is heated up, the refractive index of the silicon increases basing on thermooptic effect, and the resonant wavelength of the MRR will red-shift.
Although all MRRs are designed to have the same structural parameters, they have slightly different resonant wavelengths due to the limited manufacturing accuracy. These differences can be offset by applying different voltages to different MRR. In order to achieve a sufficiently large extinction ratio and a low power consumption, the working wavelength λ ω is chosen to be 1554.34 nm. The resonant wavelengths of MRR 4 , MRR 3 , MRR 2 , and MRR 1 can be tuned to 1554.34 nm when the amplitudes of applied voltages are 1.54 V, 1.69 V, 1.78 V, and 1.46 V, respectively, which means the applied voltages of I 4 , I 3 , I 2 , and I 1 for being ON are 1.54 V, 1.69 V, 1.78 V, and 1.46 V, respectively. There are 16 kinds of logic combinations for four electrical The 16 static response spectra of the device at the output ports Y 2 is shown in Figure 3 . By the same way mentioned above, we can obtain the output results of Y 2 port at the wavelength of 1554.34 nm. In combination with the results of Figures 2 and 3 , the results of the proposed priority encoder at the wavelength of 1554.34 nm are listed in Table 2 . Comparing result no. 2 with results no. 3, 4, 5-8, and 9-16, we know that the proposed device can implement the encoding function from a 4-bit electrical signal to a 2-bit optical signal. Comparing the logical result no. 3 with no. 4, we know that the priority level of I 2 is higher than I 1 since when I 2 = 1, no matter what the input logic of I 1 is, the encoded logical results will be the same. Comparing the logical results no. 5-8 against each The dynamic performance of the device is further demonstrated. According to the static response spectra of the device, the input working wavelength is chosen to be 1554.34 nm, and the high levels of voltages applied on MRR 4 , MRR 3 , MRR 2 , and MRR 1 are 1.54 V, 1.69 V, 1.78 V, and 1.46 V, respectively, while the low levels are all 0 V. Monochromatic light generated by tunable laser with the wavelength of 1554.34 nm is coupled into the Input port of the device. Four continuous binary sequences generated by four arbitrary function generators with specific high and low levels of voltages at 10 kbps are applied to the four MRRs, respectively. The applied sequences are with periods of 16 bits, and each bit is 0.1 ms in length. Although the working speed of 10 kbps is relatively slow compared with the speed of electro-optic modulation schemes, it is enough for the proof of concept of the optical priority encoder since the fabrication process of thermo-optic modulation scheme is much simpler and the cost is much lower. The light obtained at the output ports Y 1 and Y 2 are fed into a photo-detector (PD) to transform the light signal to electrical signal. The four electrical signals applied to four MRRs and the electrical signals transformed by the PD are observed by an oscilloscope.
The measured dynamic response results are shown in From the dynamic results, we can conclude that the device can perform the priority encoding function from a 4-bit electrical signal to a 2-bit optical signal correctly, and the priority levels of four input signals are I 4 > I 3 > I 2 > I 1 . The maximum rising and falling times are about 17 μs and 28 μs for the obtained results at Y 1 port, while these are 31 μs and 20 μs for the obtained results at Y 2 port, respectively. Note that the power levels for logic 1 are different at both the output ports Y 1 and Y 2 in different cases, which is mainly the result from the three coupling regions of MRR 1 . MRR 1 behaves as a power splitter in this device, half of the resonant light is directed to the output port Y 1 and the other half of the resonant light is directed to the output port Y 2 . Therefore, the power levels for logic 1 have steps. Similar phenomena can also be observed in the static response spectra. However, this does not hinder the implementation of the priority encoding function of the device.
Conclusion
In conclusion, for proof of concept, we have proposed and experimentally demonstrated a directed logic device which can implement the priority encoding function from a 4-bit electrical signal to a 2-bit optical signal. The static response spectra and dynamic results of the device are successfully demonstrated. To achieve higher speed of operation, we can employ other advanced modulation schemes, such as the plasma dispersion effect [18] , to modulate the MRRs.
